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Highlights: 16 
• Bacterial-dietary substrate associations are discernible 17 
• Novel enzyme-conjugate method allows visualization of arabinoxylan and 18 
bacteria 19 
• No association between bacteria and meat particles 20 
• Arabinoxylan increases beneficial bacteria and reduces pathogenic bacteria 21 
 22 
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Abstract. 24 
This study investigated how the addition of a specific hydrocolloid, arabinoxylan (AX), to 25 
the pig diets containing red meat, affected the gut microbiota in terms of changes to the 26 
bacterial community dynamics. Fluorescence in situ hybridization (FISH) was used to 27 
enumerate both broad groups and particular bacterial species, and showed systematic 28 
differences in pigs fed AX.  In addition, the role of bacteria in the fermentation of dietary 29 
substrates was studied by visualizing direct associations between the bacteria and 30 
substrate particles. To achieve this, novel methods of combining histological staining or 31 
enzymatic labelling with FISH protocols were established. In this way, undigested 32 
and/or unfermented remnants of meat, endogenous mucin, and several plant cell wall 33 
hydrocolloids (cellulose, lignin and arabinoxylan) were distinguished, together with large 34 
intestine microbiota under brightfield and/or confocal laser scanning microscopy 35 
(CLSM). It was evident that no apparent direct associations occurred between specific 36 
classes or groups of bacteria and meat, mucin, lignin or AX remnants. In contrast, 37 
bacteria belonging to Clostridium clusters XIVa and XIVb formed a strong (P<0.01) 38 
direct association with cellulose remnants in the pig digesta in the caecum. 39 
 40 
Keywords: Arabinoxylan, dietary remnants, fermentation, fluorescence in situ 41 
hybridization, microbiota, staining methods. 42 
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1. Introduction 44 
The human digestive tract harbours a complex microbial community, which has an 45 
important role in mediating the health of the gastro-intestinal tract (GIT) and, ultimately, 46 
the individual (Durbán et al., 2011).  To support this community, energy and nutrients 47 
must be available to the microbiota, in the form of undigested food remnants, 48 
endogenous secretions such as pancreatic enzymes and mucins, and sloughed off 49 
epithelial cells (Walker et al., 2008).  50 
Major energy sources available to GIT bacteria from undigested food include two types 51 
of hydrocolloids. One is proteins, which have transited the stomach and small intestine 52 
without being completely digested by mammalian digestive enzymes. The second is 53 
carbohydrate components that are not susceptible to human intestinal enzymes, 54 
primarily in the form of polysaccharide derived from plant cell walls (PCW) i.e. dietary 55 
fibre.  These carbohydrates vary in their structure depending on their origin and 56 
function, and include cellulose, pectins, xylans, glucans and other polymers (Bird, 57 
Conlon, Christopherson & Topping, 2010). These carbohydrates may be susceptible to 58 
degradation by enzymes produced by resident bacteria in the GIT.  59 
Given that wheat is the most commonly consumed cereal grain in the developed world, 60 
AX is of specific interest. AX is a PCW polymer commonly found in the aleurone layer of 61 
wheat and rye, which comprises a xylan backbone of 1-4 linked xylose units substituted 62 
with 2, 3 or 2,3-linked arabinose residues (Saulnier, Guillon & Chateigner-Boutin, 2012). 63 
Highly substituted AX tends to be more soluble in aqueous solutions, whereas AX with 64 
high numbers of ferulic acid linkages tends to be less water extractable from the PCW, 65 
both important features for the gut lumen (Saulnier et al., 2012). Broekaert et al., (2011) 66 
summarised a range of health benefits associated with the consumption of AX and AX-67 
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oligosaccharides, in human studies, together with trials involving mice, rat and chicken 68 
models, rather than pigs as used in this study. These benefits include increased caecal 69 
and faecal Bifidobacteria numbers for all animal models stated and human studies, 70 
reduced E. coli, Streptococcus, Staphylococcus and Lactobacillus numbers, and 71 
increases in production of short chain fatty acids (SCFA) such as acetate, butyrate and 72 
propionate. In vivo human studies of gut microbiota are often limited to faecal samples, 73 
whilst animal models provide the opportunity for samples to be taken from along the 74 
length of the gut. 75 
Pigs in particular are an appropriate animal model for research in the area of nutrition 76 
and health. They are monogastric and omnivorous, and from a metabolic viewpoint, 77 
pigs and humans have in common a range of bacterial species, metabolic pathways, 78 
and similar skin, kidney, cardiovascular and digestive physiologies (Guilloteau, 79 
Zabielski, Hammon & Metges, 2010). 80 
To date, little research has been reported on the identification of undigested food 81 
remnants in digesta at specific monogastric GIT sites. Nor have links been established 82 
between specific bacterial groups and their ability to attach to these remnants. This is, 83 
at least in part, due to difficulties in applying staining protocols traditionally used on 84 
histological thin sections, to samples that have undergone the processes of digestion 85 
and fermentation, which result in heterogeneous material structures.  86 
Fluorescent studies of bacterial assemblages have a relatively long history in 87 
microbiology, with FISH being a useful tool since the mid-1990’s to visualize microbes in 88 
different environments. In a complex environment such as GIT digesta, one limitation of 89 
FISH is the presence of background fluorescence that could mask the cells and 90 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
particulate matter under investigation. To minimise this problem, fluorescent markers 91 
were used to highlight the different classes of dietary substrate particles, thereby 92 
decreasing the masking effect so that any bacterial-substrate association could be 93 
visualized.  94 
This study investigated the interactions between bacteria and dietary remnants in large 95 
intestine digesta from pigs fed a ‘Western-style’ diet containing either 23% or 30% red 96 
meat, with and without the addition of AX. The objectives of this study were to (i) 97 
quantify, in terms of proportions, the changes to the bacterial community in response to 98 
the different diets being fed, (ii) establish specific histological stain and enzyme-linked 99 
fluorophore methods for the visualization of the respective dietary remnants in the GIT 100 
of the pig, and (iii) optimise these methods in conjunction with a FISH protocol to reveal 101 
specific direct associations between bacterial groups and hydrocolloid dietary remnants.  102 
 103 
2. MATERIALS AND METHODS 104 
 2.1 Digesta sampling and preservation  105 
All animal procedures were approved by the Animal Ethics Committees of the University 106 
of Queensland (AEC Approval Number SAS/181/09/CSIRO-NF). Zhang et al. (2015) 107 
describes in detail the experimental design, diets, and digesta sampling procedures. In 108 
brief, the four diets composed of red meat (either 23.6% or 30%), with or without an 109 
enriched wheat fraction (AXRF) that contained soluble AX, starch (adjusted according to 110 
the starch content of the AXRF), wheat bran (containing insoluble AX), oils, fats, salt, 111 
vitamins & minerals. All formulations were calculated to meet necessary dietary 112 
requirements, and as isocaloric as possible.  Digesta contents of eight pigs were 113 
investigated in samples collected from the terminal ileum, caecum and distal colon. In 114 
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brief, the pigs were fed a diet with two cooked red meat contents, with or without the 115 
addition of AX, for four weeks. When investigating the bacterial community composition, 116 
caecal digesta was used for the proportional counts. Unless otherwise stated, caecal 117 
samples were used for bacteria-substrate association protocol development.  118 
A volume of 400 µL of digesta was fixed in 1.2 ml of 4% paraformaldehyde (PFA) 119 
solution (Sigma-Aldrich, Sydney, Australia) for 2-4 h at 4 oC. After fixation, samples 120 
were centrifuged at 5000 X g for 3 min, the supernatant discarded and 1 x phosphate-121 
buffered saline (PBS) was used to wash the pellet twice. Thereafter, the pellet was 122 
resuspended in a final mix of absolute ethanol and 1 x PBS (50:50), and fixed samples 123 
were stored at -20 oC. 124 
Undigested diet components were used as positive controls in establishing the 125 
substrate staining or fluorophore-linked enzymatic protocols, with the exception of 126 
protein and mucin. The source of protein for the positive control was supermarket 127 
purchased topside steak, which was browned on a hotplate and finely diced. To achieve 128 
a powdered form, the meat was then ground using a mortar and pestle with liquid 129 
nitrogen and stored at -20 oC. Porcine stomach mucin Type III (Sigma-Aldrich, Sydney, 130 
Australia, product number M1778-100G) was stored at 4 oC as purchased, and made 131 
into a 1% w/v mixture with 1 x PBS. This mixture was then mixed 2:1 v/v with the dry 132 
feed components and stored at -20 oC. All positive controls were duplicated once 133 
concentrations for working solutions were established. The use of the non-diet 134 
components (steak protein and commercial porcine stomach mucin) was ceased once 135 
the protocols were refined and finalized. 136 
 137 
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 2.2 Fluorescence in situ hybridization protocol 138 
The FISH protocol as previously described (Amann, 1995; Amann, Ludwig & Schleifer, 139 
1995), was modified as follows. A formamide concentration of 25% was chosen for the 140 
hybridization buffer based on preliminary trials, with sufficient fluorescence signal 141 
having been obtained from each probe against positive control digesta samples. 142 
Teflon-coated 8-well slides were chosen and silanized (see below) for better sample 143 
adhesion due to the washing steps required for the various protocols. 144 
A volume of 6 µL of digesta was added to each well and air dried. The slides were then 145 
placed in an ethanol dehydration series of 50%, 80% and 99.9% ethanol/water mixtures 146 
for 3 min at each step, removed and air dried. 147 
Hybridizations were performed using 8 µL of hybridization buffer per well at 46 °C for 148 
1h, with the hybridization buffer containing 360 µL of 5M NaCl, 40 µL 1M Tris-HCl, 500 149 
µL formamide, 1098 µL distilled water and 2 µL 10% SDS. The probe concentration was 150 
50 ng/µL with 0.5 µL added per well. After hybridization, slides were washed for 15 min 151 
at 48 °C in a washing buffer, containing 1490 µL of  5M NaCl, 1000 µL 1M Tris-HCl,  500 152 
µL 0.5M EDTA and 50 µL 10% SDS, made up to 50 mL with distilled water. 153 
After washing, the slides were rinsed in 4 °C disti lled water for 2-3 sec to remove any 154 
salts, and were then dried using compressed air. To each well, 5 µL of Vectashield H-155 
1000 mounting medium (Vector Laboratories, Burlingame, CA) was added to prevent 156 
photobleaching, a cover-slip applied and sealed with nail varnish before visualization 157 
with a Zeiss LSM-700 Confocal laser scanning microscope. 158 
The oligonucleotides used in this study are listed in Table 1. The universal probes 159 
EUB338, Eub338 II and EUB338 III were combined as described (Daims, Brühl, Amann, 160 
Schleifer & Wagner, 1999) to form an equimolar mix, herein referred to as EUB338Mix. 161 
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The probes Bac303, Bif164, CFB286, Chis150, Erec482 and Lab158 are probes 162 
commonly used in human health research and have broad coverages of Class, Order or 163 
Family. The final probe Fprau0645 is a species specific probe for Faecalibacterium 164 
prausnitzii, a bacterium whose absence from the gut microbiota may be associated with 165 
the presence of Crohn disease (Sokol et al., 2008). 166 
No pre-treatment of the sample by lysozyme or similar methods to enhance 167 
hybridization of Gram-positive bacteria was used due to possible loss of cell membrane 168 
integrity of Gram-negative bacteria.  169 
A minimum of 15 random images per well per slide were captured, and cell counts were 170 
enumerated using CellC software (Selinummi, Seppälä, Yli-Harja & Puhakka, 2005). 171 
 172 
 2.3 Slide silanization protocol 173 
Silanization of the slides was performed in order to improve adhesion of the digesta to 174 
the slide during the washing steps of the various protocols. Firstly, the slides were 175 
cleaned with 70% ethanol, and then immersed in 2% solution of 3-aminopropyl-176 
trimethoxysilane (Sigma-Aldrich, Sydney, Australia) in acetone for 5 min, and washed in 177 
100% acetone for 5 min. The slides were air-dried and stored at room temperature until 178 
used (Breier, 1999). 179 
 180 
 2.4 Pontamine Fast Scarlet   181 
Pontamine Fast Scarlet 4B (P4B), a specific stain for cellulose (Hoch, Galvani, 182 
Szarowski & Turner, 2005), was prepared by adding 10 mg of P4B (Aldrich Rare 183 
Chemical Library #S479896, Sydney, Australia) to 10 mL of 50mM NaCl solution. This 184 
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solution was aliquoted into 1.5 mL microcentrifuge tubes for long term storage at -20 oC. 185 
There was no evidence of degradation with repeated freeze-thaw cycles.  186 
The stain was added in 20 uL aliquots to each well for 5 min, following the FISH steps. 187 
Negative controls omitted this step. The slide was washed with distilled water and air-188 
dried, then mounted for observation as described above.  189 
The stain was visible under brightfield as pink-red, with fluorescence excitation and 190 
emission wavelengths of ~594 nm and ~620-640 nm, respectively. 191 
 192 
 2.5 Eosin Y stain  193 
Eosin Y is a protein-specific stain and was prepared by dissolving 1 g of eosin Y (Sigma 194 
Aldrich, Sydney, Australia) in 20 mL of distilled water, and adding 79.5 mL of 100% 195 
ethanol and 0.5 mL glacial acetic acid. A volume of 20 uL of the stain was applied per 196 
well for 30-60 sec, the slide was then rinsed in distilled water for 2-3 sec, then 197 
dehydrated in an ethanol series, each for 3 min. Negative controls omitted this step. 198 
The timing of this procedure allowed the de-staining of the Eosin Y and the FISH 199 
sample dehydration to be completed in the same step. 200 
Protein remnants stained red, and were visualized either under brightfield microscopy or 201 
with the CLSM, with Eosin Y having an excitation wavelength of 488 nm to 555 nm, and 202 
an emission wavelength of 543 nm to 590 nm. 203 
 204 
 2.6 Mayer’s Mucicarmine stain  205 
Mayer’s Mucicarmine is a mucin specific stain (Mayer, 1896), and the following protocol 206 
was used for its preparation: 207 
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One gram of carmine, 0.5 g of anhydrous aluminium chloride and 2 mL of distilled water 208 
were combined in an evaporating dish and heated on a hot plate for 2 min until the 209 
liquid turned black and viscous. This mixture was cooled and diluted to 100 ml with 50% 210 
ethanol solution, allowed to stand for 24 hours, and filtered using a 0.22 µm filter to 211 
remove any undissolved material. This stock solution was kept at room temperature, 212 
and prior to use was diluted as one part mucicarmine solution to four parts of distilled 213 
water. All chemicals were obtained from Sigma-Aldrich (Sydney, Australia). 214 
To each well, 20 µL of the diluted mucicarmine solution was added, and allowed to 215 
stand for 1 h, covered to prevent desiccation. The slide was then quickly rinsed in 216 
distilled water, and de-stained with an ethanol series for 3 min per step. Negative 217 
controls omitted this step. As before, the timing of this procedure allowed the de-218 
staining of the mucicarmine and the FISH sample dehydration to be completed in the 219 
same step.  220 
Following this procedure, mucin was visualized as a “rosy” pink colour under brightfield 221 
microscopy as it does not exhibit fluorescence. All brightfield images herein were taken 222 
with a Zeiss AxioCam ERc 5s. Then, the same field was examined by CLSM for any 223 
associated bacteria. 224 
 225 
 2.7 Enzyme-fluorophore conjugation  226 
To prepare the enzyme-fluorophore conjugate, the enzyme α-L-arabinofuranosidase 227 
from Bifidobacterium sp. (Lot 91201b, Megazyme, Bray, Ireland) was selected on the 228 
basis of its high specificity for AX, to allow for selective visualization. The enzyme was 229 
added to the Mix-n-Stain™ CF™ 660R Antibody Labelling Kit (Sigma Aldrich, Sydney, 230 
Australia) solutions following the manufacturer’s instructions to achieve a stock solution 231 
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with a final concentration of protein of 750 µg/mL. AX was used to determine the correct 232 
dilution factor to be used as a working solution, which was found to be 125 µg/mL of 233 
protein. To use the enzyme-fluorophore conjugate, 5 µL of the working solution was 234 
placed on the sample after completion of the FISH protocol, and incubated in the dark at 235 
room temperature for 8 min. The sample was then rinsed with distilled water, air-dried, 236 
and mounted for observation. Negative controls omitted this step. 237 
This conjugated fluorophore, CF660R, has an excitation wavelength of ~660 nm (a laser 238 
of 635-639 nm wavelength provided sufficient excitation energy), and an emission 239 
wavelength of ~680-690 nm.  240 
This enzyme-fluorophore conjugate protocol was also extended to the detection of 241 
lignin, another PCW polymer, using lignin peroxidase (Sigma-Aldrich, Sydney, Australia) 242 
as the lignin binding enzyme. The enzyme was added to the Mix-n-Stain™ CF™ 660R 243 
Antibody Labelling Kit to achieve a final concentration of 750 µg/mL protein as a stock 244 
solution. A working solution of 125 µg/mL of protein was determined as giving 245 
appropriate fluorescence intensities, having been tested with a lignin-positive control of 246 
wood tissue thin sections. To use the enzyme-fluorophore conjugate, 10 µL of the 247 
working solution was placed on the sample after completion of the FISH protocol, and 248 
incubated in the dark at room temperature for 1 h. The sample was then rinsed with 249 
distilled water and air-dried, and mounted for observation. As previously described, 250 
negative controls omitted this step. 251 
 252 
 2.8 Statistical analyses 253 
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Assemblage count data were analysed using the non-parametric Mann-Whitney Rank 254 
Sum test (also called Wilcoxon Rank Sum test). All data points from two samples are 255 
ranked according to observed values. The ranks are summed according to their sample, 256 
and the sample ranked sums tested against the mean value of the summed ranks using 257 
a Chi-squared test. In effect, the null hypothesis asserts that the medians of the two 258 
samples are identical (Lehmann 2006). SCFA, ammonia and pH data from the study by 259 
Zhang et al., (2015) were combined with the bacterial assemblage data and analysed 260 
by Principal Components Analysis, using Multibase 261 
(http://www.numericaldynamics.com). For the co-localization data, a minimum of 15 262 
images were analyzed. Using the Zeiss ZEN software, co-localization coefficients were 263 
determined for the fluorescence signals from the P4B, FITC and Cy5 channels, at a 264 
signal intensity threshold of 500 units. A Student t test analysis was performed for the 265 
means and standard deviations obtained using MS-Excel.   266 
 267 
 268 
3. RESULTS and DISCUSSION 269 
 3.1 Caecal bacterial community profiling by fluorescence in situ   270 
 hybridization 271 
The FISH analysis of caecal digesta is shown in Table 2. The data suggest that the 272 
bacterial community was significantly (P<0.05) altered as a result of diet. The addition of 273 
AX resulted in the decrease in Clostridium hystoliticum Clusters I & II, Lactobacillus and 274 
Enterococcus spp. in both low meat (LM) and high meat (HM) diets compared with the 275 
diets containing no AX. In contrast, the addition of AX resulted in an increase in the 276 
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genus Prevotella and the species Faecalibacterium prausnitzii in both LM and HM diets, 277 
and an increase in the C. coccoides-Eubacterium rectale group in the LM diet, 278 
compared with the diets containing no AX. There were no significant changes in the 279 
bacterial community profiles when dietary meat content increased from 23.6% to 30% 280 
(data not shown).  281 
A review of dietary effects on gut bacterial composition (Flint, Scott, Louis & Duncan, 282 
2012) confirms that dietary changes can significantly alter the bacterial assemblage. In 283 
this study the C. hystoliticum Clusters I & II were significantly reduced in the groups 284 
consuming AX compared with the non-AX diets, a result shown by Gori et al., (2011) 285 
using a special oligosaccharide prebiotic mixture rather than AX in the diet. Bacteria 286 
belonging to these clusters are known to produce a range of metabolites from protein 287 
breakdown, including ammonia, indole and sulphides (Hughes, Magee & Bingham, 288 
2000). Here, the decrease in C. hystoliticum Clusters I & II was positively correlated with 289 
the decreased levels of ammonia observed for the AX caecal digesta samples as 290 
reported by Zhang et al., (2015).  291 
Higher relative proportions of Lactobacillus and Enterococcus spp. for the non-AX diets 292 
were greater than the human faecal range previously described (Harmsen, Elfferich, 293 
Schut & Welling, 1999; Louis, Scott & Duncan, 2007). Generally, these species are 294 
known to be present in greater proportions in pigs (De Vos et al., 2009). Nonetheless, 295 
numbers of Lactobacillus and Enterococcus spp. were significantly decreased in the AX 296 
diets. Most bacteria in these two genera do not ferment arabinose, with the exception of 297 
L. reuteri, with some strains of E. villorum capable of fermenting xylose (De Vos et al., 298 
2009). The decline in Lactobacillus and Enterococcus spp. presumably resulted from 299 
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displacement by other groups of bacteria more suited to the digestion and fermentation 300 
of AX. 301 
The CFB286 probe targets a broad bacterial group which includes the genus Prevotella, 302 
which contain species known to break down plant-derived non-starch polysaccharides, 303 
and are major propionate producers (Louis et al., 2007), a SCFA which has a putative 304 
role in the reduction of cholesterol (Demigne et al., 1995; Delzenne, Cani & Neyrinck, 305 
2007), and functions as a substrate for lipogenesis and gluconogenesis in the liver and 306 
peripheral organs (Tremaroli & Bäckhed, 2012). Within this genus, P. ruminocola and P. 307 
zoogleoformans are both regarded as important xylan degraders in both human and 308 
animal gut ecologies (De Vos et al., 2009). In this study, the findings of an increase of 309 
the Prevotella genus was positively correlated with a relative increase in the proportions 310 
of propionate within the AX supplemented diets (Table 3). 311 
F. prausnitzii and the C. coccoides-E. rectale group are both regarded as butyrate 312 
producers (Louis et al., 2007). In this study, however, although increased F. prausnitzii 313 
and C. coccoides-E. rectale proportions were observed, an increase in butyrate 314 
production was not noted (Table 3). Butyrate is used by colonocytes as a major energy 315 
source, so measurement of residual colonic concentrations may result in lower than 316 
expected values. Also, the increased numbers of Prevotella spp. observed may have 317 
decreased the relative values of butyrate. 318 
Finally, no Bifidobacteria were observed in any samples, reflecting similar findings in 319 
studies in which Bifidobacteria were either not seen (Konstantinov et al., 2003; Leser et 320 
al., 2002) or specifically not targeted (Castilo et al., 2007).  321 
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The PCA results (Table 4) show that 53% of the variability in the samples was 322 
associated with changes in the pH of the digesta. As pH decreased, there was a 323 
positive correlation with decreases in ammonia production and proportions of 324 
Clostridium hystoliticum Clusters I & II. Additionally, there was a negative correlation 325 
with the increases in production of acetate and propionate, and increases in the 326 
proportions of the genus Prevotella, the order Bacteroidales, and F. prausnitzii. A further 327 
19% of the variability can be explained with butyrate production being positively 328 
correlated with increases in both the relative proportions of F. prausnitzii and C. 329 
coccoides-E. rectale groups, and increased acetate production. Both groups are noted 330 
as butyrate producers, but F. prausnitzii does not produce acetate and the C. 331 
coccoides-E. rectale group produces much less acetate than butyrate (De Vos et al., 332 
2009). This may suggest that acetate produced by other groups is also being used for 333 
the production of butyrate, as shown by Duncan et al., (2004). 334 
 335 
 3.2 Visualization of microbe-dietary remnant associations by FISH-336 
 histology-enzymatic methods 337 
Initially, caecal digesta was probed with the universal bacterial probe EUB338Mix. 338 
Bacteria that hybridized to the probe appeared green, however, there were regions 339 
(indicated by arrows in Figure 1) where autofluorescence masked the detailed microbial 340 
ecology present in this complex environment. Hence, there was a need to develop novel 341 
methodologies to discriminate between the constituent parts of the digesta, whilst 342 
retaining the ability to visualize the bacteria in situ.  343 
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Ruminant biology has used visualization and localization of cellulolytic bacteria on 344 
animal feed by FISH as a research tool since at least 2007 (Shinkai & Kobayashi, 345 
2007), visually confirming the direct association between the cellulolytic bacteria 346 
Fibrobacter succinogenes and Ruminococcus flavefaciens and cellulosic substrates. 347 
However, until now, no such approach has been adopted in a human health context for 348 
visualizing bacteria-dietary food remnant associations. While FISH is a well-established 349 
and robust whole cell probing methodology, when combined with other staining 350 
protocols, care must be taken to avoid compromising the fluorescent signal of the 351 
hybridized GIT microbes. The following sections describe considerations needed to 352 
successfully combine FISH with specific substrate staining. 353 
 354 
  3.2.1 Cellulose dietary remnants and associated bacteria 355 
Figure 2 demonstrates the successful combination of FISH and P4B histological 356 
staining, developed in this study to discriminate between the cellulose hydrocolloid 357 
remnant particles in the digesta, whilst retaining the ability to visualize associated 358 
bacteria by CSLM.  359 
Pontamine Fast Scarlet P4B is a cellulose-specific stain initially used to visualize chitin 360 
in fungal cell walls (Hoch et al., 2005), and later for the visualization of cellulose in 361 
growing plants (Anderson, Carroll, Akhmetova & Somerville, 2010). Traditionally, the 362 
stain Calcofluor white M2R has been used when studying cellulose (Herth & Schnepf, 363 
1980). However, it was recently shown that P4B had greater specificity to cellulose, 364 
lower non-specificity to other plant polymers, and was more resistant to fading over time 365 
than Calcofluor white M2R (Anderson et al., 2010).  366 
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Figure 2A shows bacteria hybridised with both the universal bacterial probe EUB338Mix 367 
and the Erec482 probe (yellow), targeting most of the Clostridium coccoides-368 
Eubacterium rectale group (Clostridium cluster XIVa and XIVb). This figure shows 369 
specific associations between the Clostridium coccoides-Eubacterium rectale group and 370 
cellulose, stained red with P4B. Figure 2B shows bacteria hybridised with both 371 
EUB338Mix, and the Lab158 probe that targets most species of the genera 372 
Lactobacillus, Enterococcus, Pediococcus, Weissella, Vagococcus and Oenococcus. 373 
This figure indicates no apparent Lab158 bacterial associations with cellulose. All 374 
remaining probes showed no direct association of bacteria with cellulose.  375 
Co-localization of the spectral data was used to analyse the fluorescence signals of the 376 
bacteria and the cellulose. Co-localization is the spatial overlap of two or more 377 
fluorescent signals, which in confocal microscopy terms, allows the data from each pixel 378 
to be separated by emission wavelength and signal intensity. Statistical analysis of the 379 
data strongly suggested (p<0.01) that bacteria hybridized to the Erec482 probe were 380 
more directly associated with the cellulose than those bacteria hybridized with the 381 
Eub338Mix probe. Clostridium herbivorans is one species belonging to the Erec482 382 
probe group that is known to be cellulolytic and occurs in the GIT of pigs (De Vos et al., 383 
2009).  384 
Figure 3 shows wheat bran stained with P4B fluorescing red, and ferulic acid, a 385 
component of the cereal PCW, autofluorescing as blue. The close proximity of the 386 
cellulose and ferulic acid in the structure highlights the need, in this case, for stains that 387 
have separate emission wavelengths. Ferulic acid autofluoresces at the same emission 388 
wavelength (~420 nm) as the traditional cellulose stain Calcofluor white M2R, rendering 389 
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any resolution between the structures difficult to interpret. Hence, careful selection of 390 
stains and fluorophores that differ in emission spectra is of utmost importance.  391 
 392 
  3.2.2 Visualizing protein remnants in GIT digesta 393 
Figure 4 shows CLSM images that highlight the successful combination of Eosin Y and 394 
FISH used on caecal and distal colon digesta. Both protein particles (arrow) and 395 
bacteria (circled) are shown. Eosin Y stained protein red under brightfield microscopy 396 
which allowed localization of the protein (meat) particles before CLSM examination. The 397 
excitation wavelength for the universal bacterial probe Eub338Mix labelled with FITC 398 
was 488 nm, with the emission spectra collected between 488 nm and 530 nm, and the 399 
fluorescence appearing green. From these images it was evident that there was no 400 
direct association between bacteria and protein particles, suggesting that the 401 
mechanism by which bacteria use protein as a carbon and nitrogen source may not 402 
require direct contact with the substrate. 403 
Traditionally, Haematoxylin & Eosin Y is the most commonly used combination of stains 404 
for thin tissue sections of muscle, blood smears and biopsies (Khitam, 2011). Eosin Y 405 
has high specificity for protein-based structures, such as collagen and cytoplasm, 406 
leaving these structures coloured pink to red under brightfield microscopy. 407 
Haematoxylin colours cell nuclei and other basophilic structures blue. In the absence of 408 
host cell nuclei in this study, haematoxylin was not required. Another benefit of using 409 
Eosin Y is that it readily fluoresces under CLSM, at ~540-560 nm. The timing of the 410 
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staining and de-staining of the samples with Eosin Y also complemented the FISH 411 
protocol, resulting in little or no loss of fluorescence signal. 412 
This study showed that Eosin Y was an effective stain for visualizing remnant dietary 413 
meat particles when combined with FISH. With these two colours, autofluorescence 414 
from other dietary components was visualized, but the targeted nature of these novel 415 
combined stains and molecular probes greatly improved the resolution and visualization 416 
of bacteria-substrate interactions. 417 
 418 
  3.2.3 Visualization of endogenous mucin in GIT digesta  419 
Mayer’s Mucicarmine stain does not fluoresce using CSLM, so images capturing mucin 420 
staining need to use brightfield microscopy. The mucin appears to cover small areas of 421 
the other substrates with a thin coating, as well as appearing as small separate 422 
globules, with many areas of the digesta remaining unstained.  Figure 5A shows a 423 
typical brightfield image with mucin as a pink colour overlaying other structures. Figure 424 
5B shows the same field of view (with slight distortion due to camera and image 425 
parameters) under CLSM; no bacterial fluorescence signal was detected. Figures 5C 426 
and 5D are other fields of view on the same slide, clearly showing bacteria fluorescing 427 
with the EUB338Mix probe, indicating not only the successful application of this 428 
combined mucin stain-FISH protocol, but also suggesting that there is limited direct 429 
association between mucin and bacteria in digesta samples.  430 
Mucins are a broad group of glycoproteins of varying structures and molecular weights. 431 
Additionally, mucins from different sites in the same organism can also show a high 432 
degree of variation. For example, there are approximately 20 mucins in the human 433 
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body, lining the apical surface of epithelial cells in the stomach, intestines, lungs, eyes 434 
and several other organs (Perez-Vilar & Hill, 2004). Consequently, colonic digesta may 435 
contain more than one mucin variant, so there was a need for a stain which was broad 436 
enough to detect all mucin types, but was mucin-specific. Traditionally, Mayer’s 437 
Mucicarmine stain has been used for thin sections of various tissues, since first 438 
described (Mayer, 1896). In the current study, mucicarmine was an effective stain for 439 
mucin when combined with FISH, as the timing of the staining and de-staining of the 440 
samples with mucicarmine complemented the FISH protocol, resulting in little or no loss 441 
of the FISH fluorescence signal. The absence of bacteria-mucin association was not 442 
unexpected given that one role of mammalian mucin is the inhibition of cell adhesion by 443 
several means, including; i) steric effects reducing the closeness of binding, ii) reducing 444 
cell binding sites, and iii) active repulsive forces by repulsion of negative charges on the 445 
mucin surface and the negative charges on the bacteria protein surface (Shi, Ardehali, 446 
Caldwell & Valint, 2000). It should be noted that this study has focussed on mucin within 447 
the caecal digesta, which is a very mobile mixture of solids, gels and liquids, which may 448 
further prevent bacterial colonization of the mucin. Other research (McColl et al., 2009) 449 
has shown that the inhibitory effects of cell-mucin interactions can be counteracted by 450 
the addition of polyphenols to the mucin substrate, thereby allowing colonization of the 451 
mucin surface. 452 
 453 
  3.2.4 AX and lignin visualization in GIT digesta 454 
Arabinoxylan (AX) was fed to the pigs in two forms, either in the form of highly soluble 455 
wheat extract (selected diets), or as wheat bran (all diets), which is mostly insoluble AX 456 
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closely associated with ferulic acids and other PCW components. The disrupted cell 457 
wall junction of the wheat bran is the area in which bacteria are most able to access the 458 
insoluble AX, ferulic acid and other PCW polymers, as shown in Figures 3, 6 & 7. As 459 
such, this area was closely observed in order to visualize any bacteria-substrate 460 
associations. Very few bacteria, regardless of probe, were observed at these junctions, 461 
suggesting little bacteria-substrate associations. However, in the caecal digesta, no 462 
insoluble AX was able to be visualized at these disrupted PCW zones. Nuclear 463 
magnetic resonance spectroscopy results also showed that the soluble AX was below 464 
detection limits in the caecal samples (BM Flanagan, unpublished data). Subsequently, 465 
no firm conclusion can be reached regarding bacterial associations with either form of 466 
AX, and further research is need to investigate this matter.  467 
To overcome the lack of visualization of AX in either form in the caecal digesta, ileal 468 
samples were used to target the insoluble wheat bran form to establish an AX 469 
visualization protocol. Figure 6A shows the enzyme-fluorophore conjugate indicating the 470 
presence of arabinoxylan (red) at the three cell junctions, whilst also showing the 471 
presence of PCW-associated ferulic acid (blue), and bacteria (green). No direct 472 
association between the insoluble AX and bacteria was observed. Figure 6B shows the 473 
use of the LM11 antibody method without FISH (see discussion below) as a positive 474 
control to ensure that the enzyme-fluorophore conjugation method was specific for AX 475 
in the wheat bran PCW. 476 
Lignin, a polymer of cross-linked phenolic compounds, was also present in the wheat 477 
bran portion of the pig diet. Lignin is essentially insoluble and highly resistant to 478 
degradation, being only degraded in nature by various fungal ligninases (also called 479 
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lignin peroxidases), and by specific bacteria in the termite gut. These properties ensure 480 
that lignified portions of the PCW are likely to remain intact throughout the GIT. Figure 7 481 
shows lignin (red) appearing across the whole PCW (with some non-specific adsorption 482 
of the enzyme-fluorophore conjugate to the bacteria). Ferulic acid in the PCW (blue) 483 
and EUB338Mix probed bacteria (green) were also visible. Whilst bacteria appeared 484 
closely associated with the bran PCW remnant, there were no bacteria associated with 485 
the lignified region of the PCW. 486 
Previous research into the visualization of plant polymers within PCWs, other than 487 
cellulose, has focussed on the use of specific antibodies, such as LM11 for AX 488 
combined with scanning electron microscopy (Dornez et al., 2011b). These are indirect 489 
antibody methods in which the primary antibody binds to the antigen in the sample, 490 
followed by a secondary antibody conjugated with a fluorophore. However, the 491 
requirement for numerous washes to remove blocking agents and unbound antibodies 492 
resulted in severely reduced FISH fluorescence signals, rendering these antibody 493 
protocols unsuitable for combination with FISH. Thus, the enzyme-fluorophore 494 
conjugation method was developed for this study. A commercial kit designed for 495 
antibody-fluorophore conjugation was adapted for the production of the enzyme-496 
fluorophore conjugate, and proved to be robust and scalable with no apparent loss of 497 
fluorescence signal when combined with FISH. However, it should be noted that there 498 
appeared to be a loss of fluorescence and resolution over time, probably due to the 499 
continued activity of the enzyme. This could be overcome with the use of inactive 500 
enzymes (Dornez et al., 2011a), but was deemed unnecessary as the enzyme-501 
conjugation method reported in this study has the advantage of providing a reliable 502 
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enzyme-conjugate within minutes.   In the future, this novel method based on adaptation 503 
of an antibody-based protocol could be extended to utilise a range of PCW-acting 504 
enzymes (e.g. pectinases, xyloglucanases), to gain further insights into the interaction 505 
between other PCW components and gut bacteria.   506 
 507 
 3.3 Characterizing bacteria-dietary remnant associations. 508 
It has been proposed that bacteria which are tightly bound to dietary remnants are most 509 
likely to access the energy within these food sources (Walker et al., 2008), particularly 510 
in the case of PCW. Thus, the motivation for this methodological development was to 511 
test the hypothesis that selected sub-groups of bacteria within the porcine gut 512 
microbiota would be associated with a range of digesta hydrocolloid components. The 513 
findings of this study, however, support a different hypothesis. Although there was a 514 
statistically significant association (p<0.01) between bacteria hybridised to the Erec482 515 
probe (targeting most of the Clostridium coccoides-Eubacterium rectale group) with 516 
cellulose, no other specific bacterial-dietary remnant associations were observed. The 517 
observation of bacteria attaching to cellulose particles in the digesta was expected 518 
based on earlier work in ruminants (Shinkai & Kobayashi, 2007), and the requirement in 519 
many cellulolytic bacteria to produce cellulosome complexes to bind to and degrade 520 
cellulose (Bayer, Chanzy, Lamed & Shoham, 1998). While the mechanism that C. 521 
herbivorans uses to degrade cellulose has not been elucidated, the observation that 522 
there is a close association suggests that physical attachment plays a role. The 523 
complexity of the GIT environment is such that without direct attachment there remains 524 
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only indirect mechanisms of fermentation, whereby secretion of extracellular enzymes 525 
by planktonic bacteria in the vicinity of the remnants or remaining endogenous host 526 
enzymes, initiate the digestion process. The low molecular weight products of 527 
enzymatic digestion may then be absorbed and fermented by nearby bacteria (Gidley, 528 
2013).  529 
  530 
4. CONCLUSION 531 
This study investigated visualization of bacterial associations with specific dietary 532 
remnants in the porcine GIT, as affected by the addition of a PCW-derived hydrocolloid 533 
(AX) to the diet. AX inclusion led to a significant shift in the bacteria assemblage of the 534 
porcine GIT by increasing the numbers of specific bacterial groups. For at least some of 535 
these favoured bacterial groups, their desirability within the GIT is linked with their 536 
fermentation by-products, and/or interactions with the host immune system. An increase 537 
in the meat fraction of the diet from 23.6% to 30% had no significant effect on the 538 
proportions of bacterial groups present in the digesta.  539 
In addition, it was demonstrated that a variety of dietary remnants can be successfully 540 
stained or labelled for their identification by visualization. Moreover, these methods 541 
could be used in conjunction with FISH to highlight bacterial-dietary remnant 542 
associations occurring in the GIT. Results from the present study suggest that there are 543 
specific associations of bacterial species with cellulose, but not with protein, mucin and 544 
lignin in pigs. Bacterial association with AX has remained uncertain, with the lack of 545 
observable AX in the caecum, resulting in no conclusion being able to be made. Further 546 
development of these protocols could be used to test for direct associations between 547 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
25 
 
the GIT microbiota and other dietary hydrocolloids (e.g. mixed linkage glucans, pectins, 548 
etc.), which together with research into the indirect methods by which bacteria degrade 549 
substrate remnants, would contribute to a greater understanding of the mechanisms by 550 
which dietary hydrocolloids influence GIT microbiota establishment and composition, an 551 
important part of their effects on human health. 552 
 553 
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Table 1: The domain-, group- and species-specific published oligonucleotide probes used in this study, as recorded in ProbeBase 710 
(Loy, Maixner, Wagner & Horn, 2007). 711 
 712 
Oligo-
nucleotide 
Probe Name 
E. coli No. Probe Sequence (5' - 3') 
5' Conjugated 
Fluorophore 
Target Organisms Reference 
EUB338 338-355 GCTGCCTCCCGTAGGAGT FITC 90% of domain Bacteria (Amann et al., 1990) 
EUB338 II 338-355 GCAGCCACCCGTAGGTGT FITC 69% of the order  Planctomycetales (Daims et al., 1999) 
EUB338 III 338-355 GCTGCCACCCGTAGGTGT FITC 93% of the order Verrucomicrobiales (Daims et al., 1999) 
BAC303 303-319 CCAATGTGGGGGACCTT Cy3 or Cy5 64% of the order Bacteroidales 
(Manz, Amann, Ludwig, 
Vancanneyt & Schleifer, 1996) 
Bif164 164-181 CATCCGGCATTACCACCC Cy3 or Cy5 Bifidobacterium spp. (Langendijk et al., 1995).  
CFB286 286-303 TCCTCTCAGAACCCCTAC Cy3 or Cy5 
most members of the genus Tannerella and the 
genus Prevotella of the class Bacteriodetes 
(Weller, Glöckner & Amann, 
2000) 
Erec482 482-500 GCTTCTTAGTCARGTACCG Cy3 or Cy5 
most of the Clostridium coccoides-Eubacterium 
rectale group (Clostridium cluster XIVa and 
XIVb) (Franks et al., 1998) 
CHis150 150-173 TTATGCGGTATTAATCTYCCTTT Cy3 or Cy5 
most of the Clostridium histolyticum group 
(Clostridium cluster I and II) (Franks et al., 1998) 
Fprau0645 645-667 CCTCTGCACTACTCAAGAAAAAC Cy3 or Cy5 
Faecalibacterium (formerly Fusobacterium) 
prausnitzii and relatives (Suau et al., 2001) 
Lab158 158-177 
 
GGTATTAGCAYCTGTTTCCA Cy3 or Cy5 
Most species of the genera Lactobacillus, 
Enterococcus, Pediococcus, Weissella, 
Vagococcus and Oenococcus 
(Harmsen, Elfferich, Schut & 
Welling, 1999) 
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Table 2: Statistical analysis of microbiota composition per oligonucleotide probe (refer 
to Table 1, excluding the probe Bif164) of the caecum using Mann Whitney test. Each 
datum is ranked per treatment, and the per treatment ranks summed. A median rank 
score is the mean of the treatment sums. The two treatment sums are compared 
against the median rank score, and Z-scores and P values calculated.  
 
 
Diet Bac3031 CFB2862 Chis1503 Erec4824 Fprau06455 Lab1586 
Rank 
Sum  
 
LM-AX 2685  1852  4964.5  2955  2055.5  6045  
Median 
Rank 
Score 
 
3052.5 3335 3335 3630 3751.5 3937.5 
Rank 
Sum  
 
LM+AX 3420  4818  1705.5  4305  5447.5  1830  
Z score  
 
-1.81  -7.49  -8.31  -3.54  -8.37  -9.63  
P value  
 
0.06  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  
 
 
      
Rank 
Sum  
 
HM-AX 3007  2781  4664.5  3614  2818.5  5667  
Median 
Rank 
Score 
 
3052.5 3335 3335 3751.5 3875 3751.5 
Rank 
Sum  
 
HM+AX 3098  3889  2005.5  3889  4931.5  1836  
Z score  
 
-0.27  -2.28  -6.63  -1.02  -5.28  -9.49  
P value  
 
0.78  0.02  < 0.001  0.31  < 0.001  < 0.001  
1
 targets 64% of the order Bacteroidales; 2 targets most members of the genus Tannerella and the genus 
Prevotella of the class Bacteriodetes; 
3
 targets most of the Clostridium histolyticum group (Clostridium cluster I 
and II); 
4
 targets most of the Clostridium coccoides-Eubacterium rectale group (Clostridium cluster XIVa and XIVb); 
5 
targets Faecalibacterium (formerly Fusobacterium) prausnitzii and relatives; 
6 
targets most species of the genera 
Lactobacillus, Enterococcus, Pediococcus, Weissella, Vagococcus and Oenococcus 
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Table 3: Major SCFA, Total SCFA and NH3 concentrations in the caecal digesta; 
Means with SE’s (in brackets) (from Zhang et al., 2015) 
Diet Acetate Propionate Butyrate TotSCFA NH3 
  
mmoles/L 
digesta water 
mmoles/L 
digesta water 
mmoles/L 
digesta water 
mmoles/L 
digesta water mmoles /L 
LM-AX 82.85 (14.55) 34.4 (3.00) 15.05 (0.35) 140.65 (16.95) 64.195 (26.20) 
LM+AX 102.45 (3.05) 67.2 (17.06) 12.55 (4.15) 184.1 (10.20) 10.02 (5.99) 
HM-AX 73.7 (8.5) 33.75 (9.95) 10.75 (1.85) 122.15 (0.85) 53.155 (16.36) 
HM+AX 93.6 (8.90) 62.5 (7.10) 9.6 (4.10) 167.7 (20.60) 15.98 (7.97) 
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Table 4: Statistical analysis of fermentation end product data, pH and microbial 
composition using Principal Components Analysis 
 Component 1 Component 2 Loading 
R2 53% 19% Variables Comp 1 Comp 2 
R2(cum) 53% 72% Bac303 0.22 -0.33 
Eigenvalue 4.24 1.55 CFB286 0.36 -0.12 
Q2 -5% 41% Chis150 -0.36 -0.12 
Q2(cum) -5% 36% Erec482 0.21 0.45 
   
Fprau0645 -0.28 0.39 
   
Lab158 -0.31 -0.01 
   
Acetate 0.24 0.40 
   
Propionate 0.36 -0.13 
   
Butyrate -0.19 0.50 
   
Ammonia -0.32 -0.25 
   
pH -0.39 -0.13 
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Figure 1: A typical CLSM image of caecal digesta showing bacteria hybridized with the 
EUB338Mix FITC probe as green entities and the autofluorescence of components 
within the digesta (arrowed). 
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Figure 2: Samples of P4B staining for cellulose (red) combined with bacterial 
hybridization. Image A shows bacterial hybridization with the EUB338Mix FITC probe 
(green) and the Erec482 Cy5 probe (yellow), and image B is bacterial hybridization 
with the EUB338Mix FITC probe and the Lab158 Cy5 (yellow) probe. Images were 
captured at x630. Both images are from Low Meat with AX diet caecal digesta. 
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Figure 3: Wheat bran in caecal digesta stained with P4B, showing the relative 
proximity of autofluorescent ferulic acid (blue) to cellulose (red). 
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A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Samples of Eosin Y staining combined with bacterial hybridization. All 
bacteria have been hybridized with a EUB338Mix-FITC probe (green) and all were 
captured at x630. The images represent: A) High Meat without AX diet Distal Colon 
digesta, B) High Meat with AX diet Caecal digesta. Protein remnants (arrows) did not 
show a direct association with the bacteria (circled). 
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Figure 5: Samples of Mayer’s Mucicarmine staining combined with bacterial 
hybridization. Image A shows a brightfield image of mucin which has stained pink, 
with the same field of view under CLSM in image B. Images C and D are CLSM 
images of EUB338Mix hybridized bacteria (green) in the same slide well. All 
images were captured at x630 and are from Low Meat with AX diet Caecal digesta. 
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Figure 6: Image A shows a small intestine digesta sample that has been hybridized 
with EUB338Mix-FITC probe and the α-L-arabinofuranosidase-Mix-n-Stain™   
CF™660R fluorophore.  The arabinoxylan exhibits red fluorescence at the cell 
junctions (arrowed) and the bacteria have green fluorescence (circled). Image B is a 
wheat bran sample that has been treated only with the LM11 Anti-AX antibody to 
show the AX (red) against the ferulic acid (blue).  
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Figure 7: Images A-D show a caecal digesta sample that has been hybridized with 1 
EUB338Mix-FITC probe and the lignin peroxidase-Mix-n-Stain™ CF™ 660R 2 
fluorophore conjugate. Images E-H show a replicate sample without the lignin 3 
peroxidase-Mix-n-Stain™ CF™ 660R fluorophore conjugate as a negative control. 4 
All images were taken with the same confocal gain and laser power settings. 5 
Images A and E show fluorescence from the FITC channel, excitation at 6 
488nm and emission at ~520-540nm. Images B and F show the fluorescence from 7 
the CF660R channel, with excitation at 639nm and emission at ~680nm. Images C 8 
and G show the autofluorescence of ferulic acid at ~420nm. Images D and H 9 
are composites of the preceding images. 10 
 11 
